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The  Problem 

The  problem  was  defined  in  a  prior  Joint  Righvay  Research  Project 
Report  by  W.  N.  Harvey  {k)*c     Harvey  found  that  a  definite  lack  of  safety 
existed  in  the  present  AASHO  "Standard  Specifications  for  Highway  Bridges** 
(3)  with  respect  to  allowing  longitudinal  bars  to  be  cut  off  in  the  tension 
cone.  Beams  having  the  AASRO  cut-^-off  point  were  found  to  have  a  reduction 
in  both  the  diagonal  cracking  load  and  the  ultimate  shear  strength. 

For  a  more  extensive  development  of  diagonal  tension  failure  and  shear 
strength,  the  reader  is  referred  to  Harvey °s  report. 

Purpose  Mtd  Scope 

The  objective  of  this  study  was  to  observe  the  behavior  of  beams  having 
different  cut°off  points  for  the  longitudinal  tension  reinforcement o  In 
addition,  the  effects  of  web  reinforcement  and  concrete  strength  on  the 
beaaa  vera  also  observed. 

The  tests  were  limited  to  beams  of  rectangular  cross  section  and  one 
net  of  loading  conditions.  An  attempt  was  made  to  correlate  the  effect  of 
the  formation  of  the  diagonal  tension  crack  upon  the  distribution  of  steel 
strain  along  the  remaining  negative  reinforcing  bar  and  upon  the  possible 
unsyometrical  bending  due  to  the  cut<°off  bar. 


*  MaHbers  in  parenthesis  refer  to  BIBLIOGKAPBY  at  end  of  report. 
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TEST  SPECmSMS  AMD  PROCBDORES 

The  physical  properties  of  the  test  beams  and  the  testing  procedure 
conformed  to  the  procedure  for  Series  II  beams  as  outlined  In  Harvey "s  report 
with  only  a  few  exceptions » 

Flrstj,  the  major  variable  in  this  report  was  the  location  of  the  tension 
reinforcement  cut-off  point.  The  allo%r&ble  cat°off  point  according  to  the 
AASBO  Specifications  (3)  is  "at  least  IS  diameters  but  not  less  than  1/20 
of  the  span  length  beyond  the  point  at  i^ich  computations  indicate  it  is  no 
longer  needed  to  resist  stress."  In  contrast,  the  ACI  Specifications  (2) 
provide  for  three  alternatives s 

"918, , o 

(b)  Except  at  supports,  every  reinforcing  bar  shall  be  extended 
beyond  the  point  at  ^Ich  it  is  no  longer  needed  to  resist 
flexural  stress,  for  a  distance  equal  to  the  effective  depth 
of  the  member  or  12  bar  diameters,  whichever  is  greater « 

(c)  Ro  flexural  bar  shall  be  terminated  in  a  tension  zone  unless 
one  of  the  following  conditions  is  satisfied s 

1.  The  shear  is  not  over  half  that  normally  permitted,  including 
allowance  for  shear  reinforcement,  if  any. 

2o  Stirrups  in  excess  of  those  normally  required  are  provided 
each  way  from  the  cut  off  a  distance  equal  to  three^fourths 
of  the  depth  of  the  beam.  The  excess  stirrups  shall  be  at 
lease  the  mlniiaaa  specified  in  Section  1206(b)  or  1706(b). 
The  stirrup  spacing  shall  not  axcaed  d/dr.  where  r^  la  the 
ratio  of  Che  area  of  bars  cut  off  to  the  total  area  of  bars 
at  the  section. 
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3e  The   c<nitlauing  bars  provide  double  Che  area  required  for 
flexure  at  that  point  or  double  the  perimeter  required  for 
flexural  bondo" 
Hence,  in  the  test  program  undertaken,  test  specimena  «ere  prepared  having 
the  cut°off  at  (1)  the  theoretical  cut°off  point,  (2)  the  A&SBO  cut°off 
point,  (3)  the  ACI  alternate  2),  and  (k)   the  ACI  alternate  3)°  I»  addition, 
the  specimens  were  placed  into  two  groups  °  with  auid  without  web  reinforce° 
aento  Figure  1  gives  the  applied  shears,  ooi&ents  and  the  locations  of  bar 
cut*>off«  Note  that  due  to  the  particular  physical  properties  of  the  test 
beams  the  cut<^off  for  ACI  alternate  2)  and  the  AASHO  cut°o£f  coincide.  Hence, 
this  beam  was  also  used  to  determine  the  effectiveness  of  placing  stirrups 
around  the  AASRO  cut°off  point « 

The  other  exceptions  to  the  procedure  outlined  in  Harvey "s  report  weres 

1)  The  continuing  longitudinal  bar  had  Budd  Metalfilm  strain  gages 
placed  upon  it  at  the  quarter  points  of  the  shear  span  (Figure  l). 
ty   using  epoxy  %faterproof ing  compound  and  the  metalfilm  gages,  bond 
was  destroyed  only  over  an  area  approximately  1/2**  by  1"  per  gage, 

2)  A  series  using  the  AASBO  Specifications  without  web  reinforceownt 
was  tested  using  concrete  strength  as  a  variable. 

3)  The  surface  concrete  strains  were  measured  using  S&-1|'  strain  gage 
lengths  of  2  1/2"  and  h".     The  gages  were  placed  oa   each  side  of  the 
beam  3  1/2"  from  the  negative  moment  support  and  at  1",  2",  ai^  3" 
«p  from  the  bottom  faca. 

Takl*«  I  and  2  give  the  beam  daalgnatiooa  and  the  physical  propertias 
of  the  beams.  Aa   noted  la  Table  1,  some  of  the  test  results  of  Harvey <*s 
report  were  used  per  se  in  this  report  In  order  to  provide  a  more  coo^srchen- 
slve  study  and  also  to  eliminate  unnecessary  dupllcatlonc 
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DETAILS      OF       SPECIMENS 


5 
TABLE  1. 


EKAia  IgSI<a?AnOMS 
SERIES  I  Without  Stirrups 
lA  Theoretical  Cut°o££ 
IB  AASBO  Cut<-of  f 

IC  ACI  Gut-^off  -  Alternate  (3)  (Double  Area) 
ID  A3I  Cut°o£f  «  Alternate  (2) 
IE  No  Cut°o££« 

SERIES  II  With  Stirrups  (Ho.  k  Wire  at  3  1/2") 
IIA  Theoretical  Cut°o££ 
IIB  AASRO  Gut-o££« 

lie  ACI  Cut°off  "   Alternate  (3)   (Doable  Area] 
IID  Ho  Cut°of£« 


HI  AASaO  Cat°o££  Without  Stirrups  - 

Variable  Concrete  Coapressive  Strength 
IIIA  f '  •  i^3dO  psi  (Beam  IB) 

IIIB  f ^  -  ^360  p8i» 

c 

Ilic  £»  «  33»^  psi 

c 

HID  f »  -  3620  psi 

c 


*  B*solCs  obtained  £roa  Harvey "s  report 
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TABLE  2. 

- 

PROPERTIES  OP  BEAM  SPECIMENS 

Beam  Design^ 
ation 

Concrete 
Compressive 
Strength, 
f^psl 

Ccmcrete 

Split 
Tensile 
Strength 

354 

Initial 
Tangent 
Modulus  f- 
E^  (pal  X  10^} 

Gttt°o££ 

XA 

3600 

3.84 

Vest 

IB 

1^380 

478 

3.91 

East 

XC 

kizo 

336 

3.68 

East 

XO 

J^100 

350 

5c77 

East 

u 

i»380 

356 

3.55 

MO 

XIA 

>(090 

1»50 

3.63 

Vest 

IIB 

1*210 

379 

3-24 

Bast 

IXC 

1(520 

436 

3o82 

East 

XXD 

4590 

477 

3.94 

Vo 

XIIA  (IB) 

1»380 

478 

3.91 

East 

IIXB 

H360 

416 

4o06 

Vest 

IIXC 

33UO 

290 

3o84 

Vest 

XIXD 

3620 

279 

3.44 

Vest 

vr.H 
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TEST  SESULTS 
Table  3  si-'^r^s   a  tabular  sunnary  of  the  pertinent  test  results  for  all 
beams  testedo  Strain  and  deflection  measurements  for  each  beam  are  presented 
graphically  in  this  section.  In  addition,  a  brief  description  of  each  test 
is  given  in  an  attempt  to  correlate  the  recorded  measurements  with  the 
progression  of  cracks  and  vith  particular  observations  made  during  the  testso 
All  loads  reported  herein  are  the  loads  applied  by  the  testing  oiachinee 
For  beams  without  web  reinforcement  the  load  at  formation  of  the  diagonal 
tension  crack  was  in  most  cases  easily  determined.  The  effects  of  the  crack°s 
penetration  into  the  coiiq>ression  zone  were  generally  immediate o  However, 
for  beams  with  web  reinforcement  the  stress  redistribution  was  gradual,  and 
a  definite  diagonal  cracking  load  was  often  difficult  to  determine o  For  this 
reason  the  diagonal  cracking  load  is  defined  herein  as  the  load  at  which  the 
critical  diagonal  crack  was  observed  to  cross  the  theoretical  cracked  section 
neutral  axis.  The  cracked  section  neutral  axis  for  the  beams  of  this  investi- 
gatlon  ranged  from  ^oO"  to  ^.2"  from  the  coaqtression  face. 
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*  Total  applied  load  (does  not  include  dead  weight  of  specimen  and  loading 
apparatus „ )  ^ 

**  Average  shearing  stress^  v  »  ^f  in  critical  span 
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Series  I 
Beam  lA 

Flexural  cracks  began  forming  at  10  (Figure  10)  and  @age  1  indicated 

k 
steel  strain  pick°up  (Figure  7)0  At  15  the  critical  diagonal  tension  crack 

was  formed  as  an  extension  of  a  tension  crack  through  the  steel  cut°off  point 

and  had  propagated  to  the  neutral  axis  on  the  vest  side.  Definite  signs  of 

moment  redistribution  were  indicated  because  the  steel  strain  at  Gage  g  was 

larger  than  the  steel  strain  at  Gage  1.  By  13  the  diagonal  tension  crack 

«ws  within  1  1/2"  of  the  compression  face  and  the  steel  strain  at  Gage  S  was 

almost  double  that  at  Gage  1.  The  concrete  strains  still  remained  very  lowo 

The  difference  in  crack  progression  on  the  two  sides  of  the  beam  indicated 

that  some  unsymmetrical  bending  was  occurring  due  to  the  steel  cut°off<. 

Finally,  at  21  the  beam  failed  lihen   the  diagonal  tension  crack  opened  wide 

and  the  crack  propagated  along  the  continuing  baro 

Beam  IB 
Flexural  cracks  had  produced  a  strain  take-up  in  Gage  1  by  a  load  of 
20  •  (Figures  7  and  ll)o  The  critical  diagonal  tension  crack  had  already 
developed  as  an  extension  of  a  flexural  crack  on  the  east  side  of  the  beam 

midway  between  Gages  1  and  2  and  had  propagated  to  within  an  inch  of  the 

It 
neutral  axiso  The  diagonal  tension  crack  crossed  the  neutral  axis  at  23   « 

The  steel  strain  at  Gage  2  had  almost  overtaken  the  steel  strain  at  Gage  1 

at  ZJr»    The  beam  failed  at  31  as  the  diagonal  tension  crack  propagated 

back  to  the  longitudinal  steel  and  then  continued  along  it. 

Beam  IC 

k 
Flexural  cracks  had  produced  a  take°up  in  the  steel  strains  at  20 

(Figures  8  and  lS)o  These  progressed  slowly  until  at  31  the  critical 
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diagonal  tension  crack  began  progressing  tovard  the  coiapresslon  £ace  as  a 

1, 
continuation  o£  a  f lexural  cracko  This  crack  had  opened  at  25  at  the 

location  of  Gage  2<>  At  ^k     the  crack  crossed  the  neutral  axis  and  the 

steel  strain  at  Gage  2  began  to  overtake  the  steel  strain  at  Gage  1.  At 

37  the  beam  failed  as  the  diagonal  tension  crack  reached  the  conpression 

face  and  also  propagated  along  the  entire  length  of  the  continuing  long° 

itudinal  bar. 


Beam  ID 
Flexural  cracks  had  developed  rather  extensively  by  30  (Figures  8  and 

13)*  However,  the  critical  diagonal  tension  crack  did  not  develop  until  the 

It 

failure  load  of  37<>5     was  reached.  The  crack  angled  fras  the  coopression 

face  at  3"  from  the  support  up  to  the  bar  cut°off  point  and  then  along  the 
continuing  longitudinal  bar.  The  steel  strains  remained  in  approximately 
the  aaauR   proportions  until  failure,  indicating  no  moment  redistribution. 

Beam  IE 
The  vertical  flexural  tension  crack  (Figure  Ik),   which  eventually 
developed  into  the  critical  diagonal  tension  crack,  started  at  about  12" 

froai  the  support,  bent  to  a  1»5  incline  near  middepth,  and  headed  straight 

k      k 
for  the  support.,  From  32  to  3^  the  diagonal  crack  penetrated  into  the 

compression  zone  to  within  2"  of  the  coaqtressive  face,  extended  back  at  kS*' 

from  middepth  to  the  tension  steel,  and  widened  considerablyo 

Ultimate  failure  was  by  crushing  of  the  concrete  below  the  end  of  the 

dUgonal  crack  at  k8^. 
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Series  II 

Beam  IIA 
By  20  the  beam  had  developed  flexural  cracks  to  the  extent  that  all 
steel  strain  gages  had  indicated  steel  strain  take°up  (Figures  18  and  20). 
In  addition,  the  critical  diagonal  tension  crack  had  formed  as  an  extension 
of  a  flexural  crack  at  Gage  2  and  was  well  into  the  coi3q>res3ion  zone  on  the 
west  sidec.  The  steel  strain  at  Gage  2  had  already  exceeded  that  of  Gage  1. 
By  30  »  the  diagonal  tension  crack  had  progressed  to  within  1  1/2"  of  the 
coiBpression  face  on  both  sides.  By  32  the  steel  strain  at  Gage  2  had 
reached  yield  and  the  strains  at  Gages  1  and  '^  vere   approxistately  equal  and 
one-half  of  Gage  2.  This  steel  strain  phenomenon  continued  until  the  beam 
failed  at  U2  . 


Beam  IIB 

Pour  closely  spaced  diagonal  cracks  crossed  into  the  compression  region 
at  about  the  same  load  of  35  (Figure  21).  The  two  farthest  from  the  support 
eventually  opened  wide  at  failure.  One  of  these  cracks  was  definitely  aaaoc^ 
i«t«d  with  the  steel  cut-off  and  had  penetrated  to  within  1/2"  of  the  coa* 
press ive  face  at  50  • 

Failure  occurred  at  59  with  both  cracks  opening  wide  and  splitting 
entirely  through  the  beaoo 

Beam  IIC 
By  20  the  beam  had  developed  sufficient  fleinsral  cracks  to  allow  a 
strain  take-i^  on  Gage  1  (Figures  18  and  22).  At  30  the  critical  diagonal 
tenalon  crack  had  developed  as  an  extension  of  a  flexural  crack  midway  betwaen 


25 

ip 
Gages  2  and  3  on  the  east  fece.  By  35  the  critical  crack  had  reached  the 

neutral  axis  on  the  east  side  and  was  about  an  inch  a^ay  on  Che  west  sideo 

The  crack  continued  to  propagate  toward  the  coospression  face  until  at  55 

it  also  propagated  back  along  the  longitudinal  steel  from  the  "critical" 

flexural  crack  to  about  the  location  of  €age  3°  At  this  point  the  steel 

•train  at  Gage  3  began  overtaking  the  steel  strain  at  Gage  So  The  beam  failed 

at  a  load  of  58  as  the  crack  progressed  to  the  compression  faceo  At  this 

load  the  steel  strains  at  Gages  2  and  3  vere  almost  identical » 

Notes  At  kk,6     the  steel  beasa  used  to  load  the  test  beam  failed  and  the 

load  was  removed.  The  beast  was  then  reloaded.  The  concrete  and 

steel  strains  cog^ared  reasonably  well.  It  became  apparent  that 

no  errors  were  Induced  by  the  failure  of  the  first  loading  beam  and 

hence,  only  the  strain  and  deflection  data  from  the  reloading  were 

considered. 


Beam  £ID 
Two  diagonal  tension  cracks  developed^  located  approximately  10"  a&d 

20**  from  the  support  (Figure  23).  The  critical  crack  crossed  the  neutral 

k  k   k 

axis  at  35  ,   but  further  increase  in  load  {kO   °50  ]  w^s  required  to  extend 

it  back  to  the  tension  steelo  Splitting  along  the  longitudinal  steel  was 

not  pnvcatad  by  the  atirrupSj,  but  was  delayed  and  did  not  extend  into  the 

pocltlv*  aoaent  region  until  near  ultimate  load. 
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FIGURE     20.       BEAM  HA 
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FIGURE    23.        BEAM  HD 


35 
Series 


Beam  lllk  (IB) 

1, 
Flexural  cracks  had  produced  a  strain  take-up  in  6age  1  by  a  load  o£  20 

(Figures  7  and  11 }»  The  critical  diagonal  tension  crack  had  already  developed 

as  an  extension  of  a  flexural  crack  on  the  east  side  of  the  beam  midway  between 

Gages  1  and  2  and  had  propagated  to  within  an  inch  of  the  neutral  a:clsc  the 

diagonal  tension  crack  crossed  the  neutral  axis  at  25  «     The  steel  strain  at 

Gage  2  had  almost  overtaken  the  steel  strain  at  Gage  1  at  27  °  The  bean 

failed  at  51  as  the  diagonal  tension  crack  propagated  back  to  the  longitudinal 

•teel  and  then  continued  along  itc. 


The  diagonal  crack  formed  at  25  along  the  same  path  as  ISIA  {Figure  27)0 
At  29ol  the  crack  was  within  1/2'*  of  the  bottom  and  splitting  occurred  along 

the  steel  to  the  cut°off »  The  load  fell  suddenly  to  2So3  o  Load  was  again 

k 
increased  to  27  at  which  time  both  top  bars  split  out  and  the  beam  fell  in 

two  pieces c 

Beam  IlIC 

Flexural  cracks  produced  strain  take°up  in  Gage  1  by  15  (Figures  25  and 

Ic 
Wiy  25  several  flexural  cracks  had  opened  on  each  side  but  no  diagonal  tension 

crack  had  formed o  The  steel  strains  also  remained  in  the  proper  ratio «  Then 

•t  29  the  beam  failed  suddenly  as  a  diagonal  tension  crack  propagated  from 

the  support  point  to  the  cut-off  point  and  then  along  the  continuing  bar  to 

ttt  cut-off  point  o 

Beam  HID 
The  beam  developed  flexural  cracks  and  failed  in  approximately  the  stune 
fltanner  as  XS£C  (Figure  29)°  The  failure  load  was  3S  « 
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FIGURE    27.        BEAM   HIB 
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FIGURE    28.         BEAM    lEC 
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FIGURE    29.         BEAM  lED 


k2 
DISCgSSIOK  OP  TEST  R8SULTS 

Mode  of  yallare 

In  all  the  beaias  tested  °  with  the  exception  of  Beai&s  IE  and  IID  «  the 
mode  of  failure  was  by  diagonal  tension.  The  mode  of  failure  for  Series  I 
and  II  was  that  of  a  diagonal  tension  crack  propagating  as  an  extension  of 
a  flexural  crack.  In  Series  IIIj,  the  tsode  of  failure  was  also  by  diagonal 
tension;  however,  in  the  beatos  having  the  lower  strength  concrete,  the 
critical  diagonal  tension  crack  was  not  forced  until  failure. 

The  two  exceptions  noted  were  the  bearas  having  none  of  the  longittidinal 
steel  cut  offo  These  two  bearas  failed  in  the  shear °coaq>res3 ion  node. 

Beasis  Without  Web  Reinforceasent 
(Series  I) 
Beasts  lA,  IB,  IC,  and  IE  developed  their  critical  diagonal  cracks  as 
an  extension  of  a  flexural  crack  approximately  midway  in  the  shear  span 
(Figures  10,  11,  12,  1^)°  At  failure,  the  diagoEial  tension  crack  propagated 
back  along  the  remaining  negative  reinforcement  bar  for  some  distance. 

Beam  ID  (Figure  13)  did  not  have  a  diagonal  tension  crack  form  until 
failurCo  However,  the  crack  did  propagate  along  the  remaining  negative 
reinforcement  bar  toward  the  cut'^off  point  at  failure. 

Beams  With  Reinforcement 
(Series  II) 
Beam  IIB,  IIG,  and  IID  developed  their  diagonal  tension  cracks  similarly 
as  an  extension  of  a  flexural  crack  (Figures  21°S3)o  The  diagonal  cracking 
load  was  also  the  s«me  In  each  of  the  three  beams o  Moreover,  the  ultimate 
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h3 
loads  of  Beaas  I£B  and  IIG  were  almost  identical  (Table  3). 

Beam  IIA^  however,  did  not  behave  in  the  same  way.  The  critical  diagonal 
tension  crack  developed  as  an  insoediate  extension  of  a  flexural  crack  (Figure 
20)  and   both  the  diagonal  cracking  load  and  the  ultimate  load  were  substantially 
lower  than  the  corresponding  load  for  any  of  the  other  three  beams  in  the 
series  (Table  3). 

Effect  of  GoEScrete  Strenght 
(Series  III) 

The  basis  for  Series  III  beams  was  the  discrepancy  between  the  MSRO 
and  ACI  allowable  shear  strengths,  particularly  in  the  sae ighborhood  of  f"  » 
3000  psi  (See  Figure  30  which  shows  the  ccmiparison  for  the  beams  of  this 
teat  program) o  It  \^a   thought  that  this  discrepancy  would  produce  an  even 
smaller  factor  of  safety  in  AASBO  cut°off  requirements o 

Beams  IIIA  and  I1I3  had  the  higher  concrete  strength.  Both  beams 
developed  their  critical  diagonal  tension  cracks  as  an  extension  of  a 
flexural  crack  (Figures  11  and  27)°  The  crack  then  propagated  back  along 
Che  remaining  negative  reinforcement  bar  at  failure  as  in  Series  lo 

Beams  IIIG  aod  ItW  had  the  lower  etrengtho  Their  diagonal  tension 
cracks  did  not  form  until  failure  and  were  independent  of  any  flexaral  crack 
(Figure  28  and  29 }» 

Factors  Affecting  Beam  Behavior 
In  addition  to  oaeaauring  the  load  carrying  capacity  of  the  beams  as  it 
was  affected  by  tte  location  of  bar  cut°off,  instmoentation  was  also  used 
to  meeure  the  effect  of  cut<^off  upon  the  steel  strain  of  the  remaining  bar^, 
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imsynnetrical  bsndlng  due  to  the  change  in  cross  section  beyond  the  cut°>offy 
and  beam  stiffness  as  reflected  by  deflections <> 

Steel  Strain 
Stress  redistribution  may  be  induced  in  the  longitudinal  reinforcement 
due  to  diagonal  crackingc  The  fonoation  of  the  diagonal  crack  requires  the 
longitudinal  reinforcing  steel  at  section  b°b  (Figure  31)  to  resist  the 
greater  external  moment  at  section  a°a,  as  shown  by  sunBsatlon  of  moments 
about  the  centroid  of  compression  in  the  uncracked  portion  (section  a°a)e 
Series  I^  Beams  The  stress  redistribution  occurred  at  Gage  2,   in  Beams  lA, 
IBp   ICf  and  lO^  as  soon  as  the  critical  diagonal  tension  crack  crossed  the 
neutral  axiso  However,  in  the  first  two  besms  the  redistribution  continued 
to  increase  substantially  until  beam  failure,  (Figure  7)^  vhereas  in  Beams 
IC  and  ID  the  redistribution  remained  relatively  small  (Figure  8)o 
Series  II  Beams  Extensive  redistribution  occurred  in  Beam  IIA  at  Gage  2 
after  the  diagonal  tension  crack  had  formed  (Figure  18) o  Redistribution 
also  occurred  in  Beam  IIC  at  Gage  3  after  the  diagonal  tension  crack  had 
propagated  out  to  Gage  3  (Flgore  18) o 

Series  III  Beams  Bedistribution  occurred  in  Beam  IIIA  (IB)  at  Gage  2  after 
the  diagonal  crack  had  progressed  through  the  neutral  axis  (Figure  7)0  This 
redistribution  increased  somev;h&t  until  failure,  Ro%iever^  no  appreciable 
redistribution  occurred  in  Beam  IIIG  (Figure  25} ^     This  beam  failed  suddenly 
iq)on  formation  of  the  critical  diagonal  tension  crack. 

Onsyoimetrical  Bending 
Ifnaymoetrical  bending  can  occur  due  to  the  resulting  "unsymnetrical" 
section  caused  by  the  bar  cut'^off.  The  diagonal  tension  crack  la  resisted 
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FIGURE     31.        FORMATION      OF      DIAGONAL      TENSION     CRACK 


acre   on  the  side  of  the  remaining  bar,  and  hence,  the  uncracked  section  will 
be  trapezoidal  vith  larger  concrete  strains  on  the  side  of  the  remaining 
bar  (Pigure  52). 

This  hypothesis  is  shown  in  the  Series  I  beams  with  the  exception  of  ID 
and  IE  (Figures  2=€}c  In  these  beamss  (lA,  IB^  IC)j,  the  concrete  strains 
were  much  larger  and  the  neutral  axis  lower  on  the  side  of  the  remaining  bar. 

In  the  Series  II  beamS;  with  the  exception  of  Beam  IIA^  the  presence  of 
stirrups  resisted  the  diagonal  tension  crack  and  its  tendency  to  produce  the 
unsyametrical  bending  (Figures  15=17} <>  Howeverj,  the  concrete  strains  of 
Beam  IIA  indicated  that  unsymmetrical  bending  was  present. 

In  Series  III  beams,  the  concrete  strains  of  Beam  IIIA  (IB)  (Figure  3) 
showed  unsymmetricel  bending,  whereas  the  concrete  strains  of  Beam  III€ 
reatained  ouch  more  tmiform  until  failure  (Figure  2U). 

Beam  Stiffness 

The  deflection  of  a  beam  is  in  direct  proportion  to  its  stiffness o 
Hence,  the  effect  of  diagonal  tension  cracking  upon  beam  stiffness  may  be 
measured  by  load  deflection  plots. 

The  beam  stiffness  was  not  affected  substantially  in  any  of  the  series 
by  diagonal  tension  cracking  with  the  exception  of  the  beams  with  the  theoretical 
cut=off  (SA  and  IIA)  (Figures  9,  I9,  26)0  Beams  lA  and  IIA  indicated  naach 
greater  deflections  for  a  given  load  almost  iosoediately  after  loading  had 
bagua. 

Analysis  of  Test  Results 
Honinal  Shear  Stress  at  Diagonal  Cracking 
The  e}q;>res8ion  recommeaded  by  A£I°ASCE  Gonmittee  326  (1)  for  predicting 
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FIGURE     32.  DEVELOPMENT      OF     UNSYMMETRICAL      BEMDING 
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the  resistance  to  diagonal  tension  cracking  has  been  shoKa  to   give  good 
results  under  a  variety  of  conditions o  This  equation  is; 

This  equation  is  intended  to  predict  the  sverage  shearing  stress  required  to 
produce  diagonal  cracking  at  the  section  considered.  For  the  beaiss  of  this 

study  the  critical  section  is  at  a  distance  of  one  effective  depth;  d^  from 

V    1 
the  section  ot   maxitsum  moffiento  Renee,  "  s  -^^  for  these  be^ras.  Test  results 

are  cosi^ared  with  values  predicted  by  this  equation  in  fable  (k)^ 

For  the  beaas  \Atli   the  AOX°cut°off  altsmates^  the  baa^as  t«ith  no  cut°offy 

and  the  AASISO  beam  with  stirrups^  this  equatiosi  give®  a  good  prediction,  of 

the  diagonal  cracking  load.  For  the  beams  with  the  theoretical  cut°off  and 

the  AASEO  bsam  %d.thout  stirrupsj,  ho;^ver,  the  equation  does  not  cosapare  very 

favorably  with  the  test  resultso 

aiticaate  Shear  Str@BEth 

For  beaois  without  web  reinforceissnt  Cozssaittee  3S6  recocsaiended  that  the 
load  producing  the  diagonal  tension  crack  should  be  considered  as  the  ultimate 
load  cap&city  in  shear o  This  resulted  in  a  conservative  estimate  for  the 
beaffls  with  the  J^I  cut-off  alternates  and  the  beasss  <id.th  no  cut^offc  fhe 
predicted  ultis»ate  load  for  the  beaia  with  the  MSBO  <cut°off  cocapared  exactlyo 
The  beats  with  the  theoretical  eut=off^  hewsiiKar,  ^&b   greatly  over^estinastedc 

For  beams  with  stirrups  Cooanittee  3^  recommended  the  following  fcnauls 

for  ultimate  shear  strengths 
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TABLE  4. 

COiPARISON  OF  STSENSI^  WITH  i^£-ASGE 
COiSflTlSE  326  REC(841SHDAXIONS 


Diagooal  Cracking  Strength 

Ultlmes:e  Shear 

Strecigth 

Beam 
Designation 

test 

c 
calco 

V  test 
c 

V  calc. 

V 

u 
test 

a 

calc. 

V  test 
u 

V  calc 
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lA 

70 

151' 

o5k 

98 

151 

.75 

IB 

107 

1U5 

c75 

ikk 

lk3 

1,00 

IC 

158 

159 

loll* 

172 

159 

1.25 

ID 

nk 

139 

1.25 

nk 

139 

1.25 

IB 

158 

m 

1.10 

223 

lJf3 

1.56 

IIA 

93 

159 

.67 

195 

212* 

.92 

IIB 

163 

Ul 

1.16 

27^^ 

273 

1.00 

lie 

163 

H»5 

lol2 

S59 

218* 

1.25 

IID 

165 

H^ 

1.12 

311 

279 

1.12 

IIIA  (IB) 

107 

m 

o75 

Ikk 

lk3 

1.00 

IIIB 

116 

lk3 

.81 

155 

1U5 

.95 

IIIC 

135 

127 

1.06 

135 

127 

1.06 

IIID 

U9 

131 

I.IU 

IU9 

151 

lAk 

•  Based  upon  new  Ho.  k  So£t  Wire  having  £  »  20  ksl 
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vhere  v  is  the  portion  of  the  total  unit  shear  assumed  to  be  carried  by  the 
stirrups,  as  given  by  the  truss  analogyc  ThuSj, 

A 

V  «  I^f   or  Krf 
s    08  vy      vy 

where  K  »  1  for  vertical  stirrups.  Hence <> 

V  «  1.9"Vf°~*  2500^  ♦  Srf 
u     '   c       M      vy 


As  shovn  In  Table  (If),  the  test  values  for  Series  II  agreed  reasonably 
well  with  the  predicted  values,  with  the  exception  of  Beam  IIA. 

In  Table  (s)  the  test  results  are  also  c<a^ared  with  the  allowable 
shear  strengths  given  by  the  design  criteria  of  the  current  "Standard 
Specification  for  Highway  Bridges «*'  These  requirements  provide  for  an 
allowable  shearing  stress  (v  )  for  beams  wf.thout  stirrups  ^   ec«aputed  by  v  a 
^tr  o£   Oo03f  °  or  90  P«i  maximum.  For  beasas  with  vertical  stirrups  the 
allowable  shearing  stress  is  given  by 

a   bjd   ^      V 
where  fv  is  the  working  stress  for  the  stirrup  steel.  The  value  for  fv  was 
not  constant  due  to  the  use  of  a  different  strength  stirrup  wire  in  soiae  of 
the  beaos.  The  allowable  stirrup  stress  was  f  «  13,000  psl  for  the  stim^ 
wire  first  used.  The  allowable  stress  was  f  «  10,000  psi  for  the  new 
stirrup  %7ireo 

For  beams  without  web  reinforcement  (Series  1}  the  beams  with  the  ACI 
cut-off  alternates  (IC  and  W)   and  the  beam  %?ith  no  cut°off  (IE)  showed  « 
factor  of  safety  greater  than  2o0.  However,  the  beam  with  AASHO  cut°off  (IB) 
had  a  factor  of  safety  of  only  1.8^,  irfiereas  the  beam  with  the  theoretical 
Cttt°off  (lA)  had  a  factor  of  safety  of  only  l.SU. 
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5a 

For  beams  vrith   reinforcement  (Series  Zl)  £he  beams  with  the  AASMO,  ACl, 
and  no  cut'^-off  all  had  a  factor  of  safety  of  more  than  2o0o  Only  the  beam 
with  the  theoretical  cut°off  (IIA)  had  a  lower  factor  of  safety  lo77o 

For  beams  with  the  compressive  strength  as  a  variable  (Series  IXl)  and 
the  AASSO  cut-off  as  a  constant,  the  factor  of  safety  was  less  than  2o0  in 
each  case.  However,  it  was  found  that  a  sudden  type  of  diagonal  tension 
failure  occurred  in  the  beams  of  lower  strength  and  hence^  with  respect  to 
shear,  they  had  the  sosie  ultimate  load  capacityo 
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COMPARISON  OP  STRHNGfHS  WITH  AASHO 
"STAHI2ARD  SFECIFICATI08S  FOR  KXCSWAY  MlS^f  " 


Beam 
Designation 

u 

test  (psi) 

(psl) 

V 

a 

(psJ-) 

>< 

lA 

112 

0  e  0 

90 

io2U 

IB 

165 

000 

90 

1,Q3 

ZC 

197 

000 

90 

2c  19 

» 

199 

000 

90 

2o2:i 

IB 

255 

000 

90 

2o83 

XXA 

225 

36* 

126:. 

loT? 

IXB 

513 

65 

15ft 

2^02 

lie 

308 

36» 

126 

2okh 

IID 

356 

65 

155 

2=30 

IIIA  (IB) 

165 

000 

90 

lc83 

IIIB 

154 

000 

90 

lo7l 

IIIC 

ISh 

000 

90 

lo7l 

HID 

170 

0  e  0 

90 

I089 

*  Based  upon  new  Noo  k   Soft  Wire  having  f  &  20  ksl 
•*  ▼u  '*•'  -  ^  °'  practically  ^ 


*  V  s  90  psi  for  beans  without  stirrups 

V    s  90  ■«■  rf  for  beams  with  stirrups 
a        v 
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SmtfARY  AMD  OMiWSlOnS 

1.  The  diagonal  cracking  sCirengeh  of  beaaa  «lCliout  web   reinforcement 
as  coi^&red  to  the  Coffinittee  3S6  recoasaendatioas  was  directly  related  to  the 
point  of  bar  cut°off .  In  addition^,  the  beara  with  no  cut°cff  as  cotap&ved   to 
the  ACI  alternatives  had  no  additional  cracking  strength,  and  only  slight 
additional  ultimate  shear  strength,  thus  confirming  the  AC5I  cut=off  alterna» 
tlves  as  valid  methods  for  bar  cut°off »  The  AASHO  cut°of£,  however,  was 
definitely  not  within  reasonable  proximity  of  the  recommeRdations  of  the 
Coonittee  326. 

2o  The  diagonal  cracking  strength  and  the  ulticaate  fshear  strength  of 
the  beams  with  web  reinforcement  (with  the  exception  of  beam  IIA)  collared 
favorably  with  the  recoaatendations  of  the  Gonailttee.  This  indicated  that 
the  Influence  of  the  location  of  bar  cut°off  on  beam  behavior  was  effectively 
diminished  due  to  the  web  relnforcetoent,  Rence,  the  cut-off  location  was 
not  as  critical  in  this  cascc 

3o  The   ultioate  shear  strength  of  beiasss  without  web  reinforcement  as 
compared  to  the  AASHO  allowable  shear  strength  was  similarly  related  to  the 
point  of  bar  cut-off  (Table  5)o  The  A€I  alternatives  (K  and  ID}  and  the 
beam  with  no  cut-off  (IE)  had  a  factor  of  safety  above  g;>0.  In  fact,  IB  had 
a  factor  of  safety  of  2o83,  which  Indicated  that  the  additional  steel  m-tde 
the  design  of  the  beam  leuch  more  conservative  than  vould  be  consistent  with 
the  other  design  procedures  and  factors  of  safety,  The  b@am  with  AASHO  cttt° 
off  (IB),  however,  had  a  factor  of  safety  of  only  loS?,  indicating  that  the 
present  AASHO  Specifications  are  unconservatlve  with  respect  to  bar  cut-off 
In  tension  relnforcemento 
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55 
ko     The  ultimate  shear  strength  of  beans  vith  veb  reinforceottent  as  coa" 

pared  to  the  AASHO  allowable  shear  strength  indicated  than  the  Influence  of 

the  location  of  bar  cut-off  on  beats  behavior  was  effectively  diainlshed  due 

to  the  web  reinforcement,  as  was  previously  mentioned  in  noncluaion  2c 

5o  The  effect  of  bar  cut°off  upon  unsymcoetrical  bending,  although  it 
did  not  develop  until  near  the  failure  load,  was  apparent.   The  extent  to 
which  it  developed  wias  definitely  associated  with  the  location  of  the  bar 
cut°offo  Again,  the  use  of  stirrups  diminished  this  effect, 

6<>  The  use  of  stirrups  around  the  AASHO  cut°o£f  point  (lO)  Increased 
substantially  the  diagonal  cracking  strength  and  the  ultimate  shear  strength 
capacity  of  the  beam  and  provided  a  higher^  more  conservative  factor  of 
safetyo 
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SUGGESTIONS  FOR  FimTHER  RESEARCH 

1.  The  beaas  of  this  study  held  the  shear  span  to  depth  ratio  constant o 
In  subsequent  studies  the  effect  of  this  ratio  coupled  with  the  location  of 
bar  cut°off  upon  the  shear  strength  of  beams  could  be  investigated o 

2o  The  two  different  sypes  of  diagonal  'cension  failure  >=>  sudden  vso 
slowly  propagating  °   and  their  effects  upon  ultimate  shear  strength  which 
were  experienced  in  Series  III  with  concrete  strength  as  a  variable  indicate 
that  further  research  is  needed  to  determine  the  correlation  between  these 
variables o 
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For  All  Beams; 
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AP?£m>IZ 

Sample  Calculations 


i>w  ■  bt  ■  {sihulo}  -  °°Q^^^ 


The  critical  point  for  shear  is  at  a  distance  d  frooi  the 
support.  At  this  point 


1   -i= 
M  *  a°d 


UKBEINFOBCED  VS^i     Beam  IB 


£0  »  UJSO  psi 

c 


AASIW  Allowable  Shear  Stress: 


v^  «  —^  m  0«05£^  »  Oo05  (H3S0)  a  152  psi 


Eowever,  the  aasisust  shear  stress  permitted  is  90  p&i  and  hence, 

V  ■  90  psi 

ACI  Allowable  Shear  Stress; 

Using  the  Cctsiaittee  326  recoiBsendations  (ACI  Eqtmtion  12°2) 

/—  P  Vd 

^  «  ^  «  vK   *  1500  —- 

c   bd      c  M 


thus 


V  «V^8o"  *  1300  (;01?2)<11°10) 
^c  "V*^oo  ■»•  i^oo   (32  "=  llolO) 


or 

'-66  *  9 


or  Vg  *  75  P»l 


ACI  Ultimate  Shear  Stress: 

The  CossBittee  recoamendation  for  ultimate  shear  stress  which  is 
equivalent  to  the  diagonal  cracking  strength  for  an  unreinforced 
ueb  is  1.9  times  the  allouable  shear  stress  (ACI  Equation  17^2). 
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ThuSj 

\  -  1-9  v^  -  1,9  (75)  -  m  p«i 
REIHFDRCBO  WEB:  Beaa  IIB 


6 

For  be«ias  with  veb  reinforcement,   tne  web  reinforcement  ratio  is 
also  required! 


.00562 


AASHO  Allowable  Shear  Stress 


where 


v^  «  —  «  Oo03f^  ^  ^ 


f  -18,000  psi 


for  the  stirrup  steel  used 
Thus, 

v^  «  90  -9.  (.0(»62)(18,000) 
or  »  90  ♦  65 

or  V  "  155  psi 

ACI  Diagonal  Cracking  Strength 

The  CoBmittee  recooaotendfition  (ACI  Equation  17 °2)  is 

V  p  Vd 
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or 


or 


V    »  123  *  18 
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V       m    llfl    psi 
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ACI  Ulcimace  Shear  StrengCh 


Where 


V    «  V    ♦  ri 
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for  the  stlrr<j^  s£sei  used. 
Hence y 
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